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We develop a method to control the group delay of electromagnetic waves continuously using a doubly
resonant metasurface. The method is based on the dependences of i) the group velocity in a medium fea-
turing two resonance lines on the resonance linewidths and ii) the resonance linewidth of a metasurface
composed of split-ring resonators on an incidence angle of electromagnetic wave. To verify this method
for group-delay control, we design a terahertz metasurface composed of two split-ring resonators with dif-
ferent resonance frequencies and numerically analyze the transmission characteristic of the metasurface.
Double resonance lines are observed for oblique incidence and the resonance transmission dips become
deeper and broader with increasing the incidence angle. The group delay at around the center frequency
of the double resonance lines is found to vary in the range about from 0 s to 20 times the period of the in-
cident wave with the incidence angle. In contrast with a previously reported method for variable control
of group delay using electromagnetically-induced-transparency-like metamaterials, a high transmittance
is achieved for a small group delay condition. © 2019 Optical Society of America
https://doi.org/10.1364/JOSAB.36.002694
1. INTRODUCTION
Metamaterials enable us to develop methods for control-
ling electromagnetic waves that cannot be achieved using
only naturally occurring media. One of the most in-
teresting topics in the field of metamaterials is the con-
trol of the group delay (group velocity) using metamateri-
als that mimic electromagnetically-induced-transparency (EIT).
Electromagnetically-induced-transparency is a quantum inter-
ference phenomenon [1] and has been used for realizing very
low group velocities [2] and storage of optical pulses [3, 4]. As
complicated systems are necessary to realize EIT, methods for
mimicking EIT using metamaterials and other classical systems
are under intensive study. Such metamaterials are designed
based on a mechanical model or an electrical circuit model of
EIT [5]. A unit cell of EIT-like metamaterials is composed of
two dissimilar resonators coupled with each other [6–13]. One
resonator has a low Q and couples to incident electromagnetic
waves. The other has a high Q and cannot be excited directly
by the incident waves. Metamaterials composed of two radia-
tive resonators coupled with each other have also been shown
to exhibit EIT-like responses [14–17]. In addition to these funda-
mental demonstrations of EIT-likemetamaterials, active control
of electromagnetic responses [18–25] and enhancement of non-
linear phenomena [26–30] in EIT-like metamaterials have also
been investigated. Furthermore, storage and retrieval of electro-
magnetic pulse waves have been demonstrated using EIT-like
metamaterials [31, 32] as demonstrated using the original EIT.
The original EIT in quantum systems can be used for dy-
namic and continuous control of the group velocity as well as
storage of an optical pulse. Therefore, it is natural to consider
that EIT-like metamaterials should also be used for continuous
control of the group delay. In the original EIT, the group ve-
locity for the probe light is controlled by varying the incident
power of the pump light. This incident pump power corre-
sponds to the coupling strength between the low-Q and high-
Q resonators in EIT-like metamaterials. The coupling strength
depends on the physical distance between the low-Q and high-
Q resonators, and therefore, the distance between the two res-
onators needs to be changed to control the group delay in EIT-
like metamaterials [6, 8, 11, 12]. Although this method for
controlling group delay is quite analogous to that in the orig-
inal EIT, microelectromechanical systems (MEMS) or other re-
configurable systems are necessary for variable control of the
group delay. Alternatively, the group delay can be controlled
by varying the loss in the high-Q resonator. This idea for con-
trolling group delay is different from that in the original EIT.
Although varying the loss in the high-Q resonator is relatively
easy [19, 20, 24], the attenuation of electromagnetic waves in-
creaseswith losses in the high-Q resonator. While EIT-likemeta-
materials are very useful in storage and retrieval of electromag-
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netic waves, the above aspects imply that they may not be the
best media for continuous control of the group delay. Specif-
ically, where only a continuous control of the group delay is
the focus, metamaterials have only to have similar transmission
spectra to EIT and do not have to exhibit EIT-like microscopic
responses.
In this study, we develop a method for continuous control
of the group delay using a metasurface with an EIT-like trans-
mission spectrum that does not exhibit an EIT-like microscopic
response. We focus on a medium with double resonance lines
as a medium that has a similar transmission spectrum to EIT. At
the center frequency of the double resonance lines, a high trans-
mittance and a low group velocity are achieved. To control the
group velocity at the center frequency of the double resonance
lines, the frequency difference between the two resonance lines
or the resonance linewidths need to be varied. Because the res-
onance frequency of a metamaterial depends on the structural
parameters and the medium parameters such as permittivity,
MEMS or active elements must be introduced to vary the res-
onance frequency. In contrast, as the resonance linewidth of a
metamaterial depends on the relationship between the config-
uration of the constituent meta-atoms and the propagation di-
rection of the incident electromagnetic wave [33], the resonance
linewidth can be varied by simply varying the incidence angle
on the metamaterial. We describe the theory governing the con-
trol of the group delay based on this idea and present a numeri-
cal verification of the theory in the following. Also, we compare
characteristics of group delay control using EIT-like metamate-
rials and the present metasurface.
2. THEORY
First, we describe a theory for continuous control of the group
delay using a mediumwith double resonance lines. We assume
that the response of the medium is modeled as doubly resonant
Lorentz oscillators and that the refractive index of the medium
is given by
n(ω) = 1− γ1
α
ω2 + iγ1ω−ω21
− γ2
α
ω2 + iγ2ω −ω22
, (1)
where ω is the angular frequency of the incident electromag-
netic wave, ω1,2 are the resonance angular frequencies, γ1,2
the resonance linewidths, and α is a constant. While the sec-
ond/third term gives the electric susceptibility in the Lorentz
oscillator model, we assume the refractive index is written as
in Eq. (1) for simplicity. The extra γ1,2 in the second/third
term reflects the property that the susceptibility increases with
the resonance linewidth, the reason for which is described in
the next paragraph. We now calculate the group index at
ω = ω0 = (ω1 + ω2)/2 based on Eq. (1). The group index
is given by ng = n + ω Re (dn/dω) and may be approximated
by ng ≈ ω Re (dn/dω) at around ω = ω0 because of the steep
dispersion near the center frequency of the double resonance
lines. Assuming that the difference between ω1 and ω2 is small
and that γ1 = γ2 = γ0, the group index at ω = ω0 is further
approximated yielding
ng ≈ ω0 Re
(
dn
dω
∣∣∣∣
ω=ω0
)
≈ 4αγ0
δ2 − γ20
(δ2 + γ20)
2
, (2)
where δ = ω2 − ω1. As γ0 increases from 0, ng first in-
creases, reaches a maximum value (ng)max at γ0 =
√
3− 2
√
2δ
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Fig. 1. (a) Geometry of the unit structure of the metasurface
and (b) relationship between the incident electromagnetic
fields and SRRs.
(≈ 0.41δ), and then decreases. If γ0 further increases and ex-
ceeds δ, ng becomes negative. This implies that double reso-
nance lines are observed for γ0 < δ whereas only a single res-
onance line is observed for γ0 > δ because of a large overlap
of the resonance lines. Assuming that the refractive index at
ω = ω0 is n0 independent of γ0, the group index at ω = ω0 can
be controlled in the range from n0 to (ng)max by varying γ0 in
the range from 0 to
√
3− 2
√
2δ or from
√
3− 2
√
2δ to about δ.
Because the value of Im [n(ω0)], which corresponds to the trans-
mission loss, increases with γ0, γ0 must vary in the range from
0 to
√
3− 2
√
2δ for group delay control with low transmission
loss.
The above method for controlling the groupdelay is realized
using a metasurface with a unit structure shown in Fig. 1(a).
This unit structure consists of two split-ring resonators (SRRs)
with different resonance frequencies. Here, an electromagnetic
wave is assumed to be incident on the metasurface as shown in
Fig. 1(b). In this configuration, the incident electric field, which
is along the x direction for all angles of incidence, cannot excite
the inductor–capacitor resonance of the SRRs; only the incident
magnetic field can excite this resonance. For oblique incidence,
the SRRs are excited and two resonance dips appear in the trans-
mission spectrum at the resonance frequencies of the SRRs. As
the incidence angle θ increases, the incident magnetic flux that
goes through the SRRs increases and the electromotive force in-
duced in the SRRs increases. Furthermore, the values of the
radiation pattern of the induced magnetic dipole in the SRRs
for the propagation directions of the reflection and transmission
waves increase with θ, which implies that the radiation loss, i.e.,
the resonance linewidth, of the metasurface increases with θ.
Therefore, the group delay at around the center frequency of
the double resonance lines can be controlled by the incidence
angle on the metasurface. To take into account the dependences
of the electromotive force and of the resonance linewidth on the
incidence angle, γ1,2 is factored with the susceptibility derived
from the Lorentz oscillator model in Eq. (1).
3. SIMULATION AND DISCUSSION
We numerically analyzed the transmission characteristic of the
metasurface shown in Fig. 1 using a commercial finite-element
software COMSOL Multiphysics to verify that the group delay
in the metasurface can be controlled by varying the incidence
angle of the electromagnetic wave. The SRRs were assumed
to be made of perfect electric conductor with vanishing thick-
ness to reduce memory requirements in the simulation. This
assumption creates no significant influence on the results in the
low-frequency regions such as the microwave and terahertz fre-
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Fig. 2. Frequency dependences of (a) transmittance and (b)
group delay of the metasurface shown in Fig. 1 for θ = 0◦, 20◦,
40◦, 60◦ , and 80◦. Note that the horizontal scale in (a) and (b)
differ.
quency regions [34]. The substrate was assumed to be made
of Benzocyclobutene (BCB). The thickness and permittivity of
the substrate were set to be 10 µm and 2.56+ i0.01792, respec-
tively. The reason why BCB was adopted is that, with high re-
fractive index, the magnetic response of the SRRs remains weak
even for grazing incidence because of refraction. In addition,
preliminary simulations showed that the magnetic response of
SRRs becomes stronger for thinner substrates. Therefore, the
substrate should be thin and made of a material with a low re-
fractive index. The refractive index of BCB is 1.6 and metama-
terial structures can be fabricated on BCB films with thickness
of about 10 µm [35]. We thus decided that BCB is a suitable
material to use as a substrate for the present metasurface. We
add that polyimide, which has a slightly higher refractive in-
dex and loss than BCB, may also be used as the substrate [36].
In this simulation, periodic boundary conditions were applied
to the x and y directions and perfectly matched layer boundary
condition was applied to the z direction.
The numerically calculated transmission spectra for various
angles of incidence are shown in Fig. 2(a). An almost flat spec-
trum is observed for normal incidence and two resonance dips
are observed at around 0.58 THz and 0.63 THz for oblique in-
cidence. As the incidence angle increases, the resonance dips
Fig. 3. Snapshots of the current distribution in the metasurface
shown in Fig. 1 at the incidence frequency of 0.594 THz for
θ = 80◦ , which is indicated by the arrow in Fig. 2, where t1 is a
certain time and T1 is the oscillation period. The black arrows
are solely a visual guide and indicate the direction of current
flow in the SRRs.
deepen and broaden. This implies that a medium with refrac-
tive index given by Eq. (1) is qualitatively realized and that γ0
varies significantly by varying the incidence angle. We add that
the transmittance decreases toward the higher frequency region
even for normal incidence because of the half-wavelength res-
onance of the SRRs induced by the incident electric field. Fig-
ure 2(b) shows the frequency dependence of the groupdelay for
various angles of incidence. Themaximumvalue increaseswith
the incidence angle. The qualitative reason for this monotonic
increase is that the difference in the resonance frequencies of the
two SRRs is relatively large and γ0 does not exceed
√
3− 2
√
2δ
for θ ≤ 80◦. From these results, the group delay at around
ω = ω0 is found to be controllable in the range about from 0 s
to 20 times the period of the incident electromagnetic wave by
varying the incidence angle in the metasurface designed based
on Eq. (1) with realistic parameters.
We discuss next the influence of bianisotropy of the SRRs
[37–42] on the transmission characteristic of the metasurface. In
this study, single-gap SRRs, which exhibit bianisotropy, were
used as meta-atoms. To realize as closely as possible metasur-
faces with characteristics given by Eq. (1), double-gap SRRs
may seem to be more suitable for meta-atoms than single-gap
SRRs because double-gap SRRs do not exhibit bianisotropy.
However, single-gap SRRs were adopted in this study. This
is because through preliminary numerical analyses the mag-
netic response of a metasurface composed of single-gap SRRs
was found to be stronger than that of double-gap SRRs. That
is, the resonance transmission dip for a metasurface composed
of single-gap SRRs was deeper than that of double-gap SRRs
when the incidence angles for the two configurations were the
same. One may consider that an unnecessary polarization con-
version may be induced in a metasurface composed of single-
gap SRRs because of the bianisotropy. Actually, the influence of
bianisotropy vanishes at around ω = ω0 for the configuration
shown in Fig. 1. This can be understood from the current distri-
bution in the SRRs at ω = ω0. Figure 3 shows the current dis-
tribution at the incident frequency of 0.594 THz for θ = 80◦. An
electric dipole as well as a magnetic dipole are induced by the
incident magnetic field in each SRR because of the bianisotropy.
The oscillations in the current flows in the two SRRs are in anti-
phase at this frequency. Roughly speaking, this is because the
resonance frequency of one SRR is lower than ω0 and that of the
other SRR is higher than ω0. (The oscillation phase difference in
Research Article Journal of the Optical Society of America B 4
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the two SRRs is discussed in more detail in the next paragraph.)
Thus, the oscillations of the electric dipoles induced in the two
SRRs are in anti-phase, which results in a cancellation of the to-
tal electric dipole. Therefore, at around ω = ω0, the influence of
the bianisotropy vanishes and the group delay control without
an unnecessary polarization conversion can be realized.
We also discuss the influence of coupling between these two
SRRs. The transmission spectra shown in Fig. 2(a) are slightly
asymmetric about the center frequency of the double resonance
lines; that is, the spectra are a little bit different from spectra
with double Lorentzian resonance lines given by Eq. (1). This
implies that a coupling exists between the two SRRs. This cou-
pling is clearly confirmed when either of the SRRs in Fig. 1(a)
is rotated 180◦ about the z-axis. The transmission spectrum
of such a metasurface is shown in Fig. 4. The resonance dip
deepen and broaden with the increase in the incidence angle
but only a single resonance line is observed.
The difference between the spectra shown in Figs. 2(a) and 4
never occurs without the coupling between the two SRRs. The
coupling is unnecessary in the theory based on Eq. (1) but the
coupling is unavoidable because the polarizations of the radia-
tion from the two SRRs are the same. The influence of the cou-
pling can be understood based on a coupled resonator model
[15]. Assuming that the two SRRs are modeled as inductor–
capacitor resonant circuits coupled via a mutual impedance ZM,
the ratio of the stored charges q1 and q2 in the two capacitors at
ω = ω0 is found to be
q1
q2
≈ −2(ω0 −ω1) + i[γ0− (ZM/L)]
2(ω0 −ω1) + i[γ0− (ZM/L)]
, (3)
assuming the inductances of the two SRRs are the same. When
the coupling ZM and the loss γ0 vanish, the value of Eq. (3)
equals−1; that is, the current oscillations in the two SRRs are in
anti-phase. This implies that the radiations from the two SRRs
cancel each other out and that perfect transmission occurs at
ω = ω0. In this instance, double resonance lines are clearly
observed. If the coupling and/or the loss is present, the oscil-
lation phase difference can become different from 180◦ . When
only the loss is present, the oscillation phase difference becomes
smaller than 180◦ and the cancellation of radiation is incom-
plete. A decrease in the transmittance results at ω = ω0 and
eventually the double resonance lines changes into a single res-
onance line. If the coupling is also present, the oscillation phase
Fig. 5. Snapshots of the current distribution in the metasurface
that corresponds to Fig. 4 at 0.606 THz for θ = 80◦, which
is indicated by the arrow in Fig. 4, where t2 is a certain time
and T2 is the oscillation period. The black arrows are a visual
guide indicating the direction and intensity of current flow in
the SRRs.
difference becomes close to (far from) 180◦ depending on the
argument of ZM. In the present situation, the center frequency
of the transmission peak in Fig. 2(a) is not so far from the aver-
age of the resonance frequencies of the two SRRs, which implies
that Im (ZM) is small [15]. Therefore,we here on assume for sim-
plicity that Im (ZM) = 0. When Re (ZM) > 0, the effect of the
radiation loss γ0 is suppressed by the coupling ZM and the os-
cillation phase difference approaches 180◦ compared with that
for ZM = 0. That is, the double resonance lines are observed
more clearly because of the coupling. When Re (ZM) < 0, the
imaginary parts of the numerator and denominator in Eq. (3)
increase and the oscillation phase difference becomes far from
180◦ compared with zero-coupling instances. This implies that
the radiations from the SRRs are enhanced because of the cou-
pling and that the transmittance at ω = ω0 decreases. In this in-
stance, the two resonance lines overlap more obscuring the two
distinct resonance transmission dips. To confirm the influence
of the coupling, we compare the numerically calculated current
distributions in the two different metasurfaces. As described
in the previous paragraph, the oscillations of the current flows
in the SRRs shown in Fig. 3 are in anti-phase, implying that
Re (ZM) > 0. This is the reason why the double resonance lines
are clearly observed in the metasurface shown in Fig. 1. Figure
5 shows the current distribution in the metasurface that corre-
sponds to Fig. 4. The oscillation phase difference of the induced
currents in the SRRs is found to be quite different from 180◦ and
almost equal to 90◦ . This implies that Re (ZM) < 0, and there-
fore, only a single resonance line is observed in Fig. 4. We add
that the difference in the coupling phase between the two in-
stances is caused by the bianisotropy of the SRRs. The above
discussion shows that meta-atoms need to be arranged so that
Re (ZM) becomes positive to realize the group-delay control de-
scribed in this study.
Note that the variable control of the group delay by the inci-
dence angle of electromagnetic wave has already been demon-
strated in EIT-like metasurfaces in several studies [9, 10, 14].
In these EIT-like metasurfaces, the coupling strength between
the low-Q and high-Q resonance modes depends on the gradi-
ent of the electromagnetic fields in the direction parallel to the
plane of metasurface. As the incidence angle increases, the cou-
pling strength increases and the transmission spectrum gradu-
ally changes from a Lorentz-type spectrum to an EIT-like spec-
trum. The group delay at the transmission peak frequency first
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increases, reaches a maximum at a certain angle of incidence,
and then decreases with increasing the incidence angle, which
is similar to the characteristic of the metasurface in this study.
The transmittance at the transmission peak frequency increases
with the incidence angle, and hence, there exist small group de-
lay conditions with high and low transmittances. Obviously,
a small group delay with a high transmittance is preferable to
that with a low transmittance. The former can be achieved in
principle if the coupling becomes very strong, however, realiz-
ing such a strong coupling is difficult even for a large angle of
incidence. Therefore, the transmittance for a small group de-
lay condition is very low in these EIT-like metasurfaces. This
property is not suitable in variable control of the group delay
with low loss. In contrast, with the present metasurface, the
transmission spectrum gradually changes from a flat spectrum
to an EIT-like spectrum as the incidence angle increases. The
characteristic that the group delay becomes maximum at a cer-
tain angle of incidence is the same as that in the above EIT-like
metasurfaces. The difference is that a small group delay with a
high transmittance can be achieved at around normal incidence
in the present metasurface. This property is preferable for low-
loss tuning of the group delay.
4. CONCLUSION
We investigated variable control of the group delay using a
metasurface featuring double resonance lines. The method of
control is based on a characteristic that the resonance linewidth
of a SRR metasurface depends on the relationship between
the configuration of SRRs and the propagation direction of
the incident electromagnetic wave. A metasurface composed
of two SRRs with different resonance frequencies was de-
signed to realize incident-angle-dependent double resonance
lines. Through numerical simulation, double resonance lines
were observed for oblique incidence; resonance strengths and
resonance linewidths of the SRRs were seen to increase with
the incidence angle. The group delay near the center frequency
of the double resonance lines was found to increase with the
incidence angle. The range in variation of the group delay was
about from 0 s to 20 times the period of the incident electromag-
netic wave. In addition, a high transmittance was achieved for a
small group delay condition in the present metasurface in con-
trast with previously developed EIT-like metamaterials. Note
that there still remains an issue that the transmittance decreases
with increasing the group delay and becomes a low value for
the maximum group delay condition. If this issue is solved in
future studies, transmissive variable pulse delay lineswith com-
pact dimensions would be realized.
The microscopic response of the metasurface is quite dif-
ferent from EIT-like metamaterials, whereas the macroscopic
transmission characteristic is similar to EIT. Using both of meta-
materials with double resonance lines and EIT-like metamateri-
als as the situation demands would be important in the further
development of methods for controlling electromagnetic pulse
waves.
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